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Abstract
Contact traces are an important part of DNA casework, but the probative value of any identified
associations depends on the possibility of passive transfer. There is known individual variation in
DNA left behind during contact, and this DNA shedding propensity has an effect on whose DNA
is detected. This study evaluated this variability using a cell staining approach. Volunteers were
asked to deposit a fingerprint on a clean glass slide, then wash their hands and deposit a second
fingerprint after a 30-minute wait without touching anything else. Three sets of samples were
collected over three consecutive weeks. Fingerprints were stained with a fluorescent cell dye
(Promega™ Diamond Dye) and signals scored under a fluorescent microscope.

The cell staining method worked well and gave clear signals. Cell counts showed high variability
across donors (n=24), as well as across the three collection events. Overall, washed hands had
significantly lower cell counts than unwashed hands. The data did not show a significant
difference between male and female cell counts. Reproducibility in individuals for separate
collection events was low for unwashed hands and more consistent for washed hands. This is
expected, since sample collection after handwashing and inactivity prevents variability due to
external factors. Washed hands showed a wide range of cell counts, and high variability between
individuals which reflects differences in shedding propensity, but the distribution seemed to be
continuous. There was no correlation between cell counts and resulting DNA concentrations,
which could be due to the presence of cell free DNA.
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1. Introduction and Literature Review
Personal identification and individualization are at the core of Forensic Science. The application
of DNA profiling to fingermark residues has widened the use of fingerprints in personal
identification. Prints that are smudged, distorted or partial prints that lack adequate detail may
not be useful for conventional pattern comparison, but may be useful as a possible DNA source
in forensic investigations (van Oorschot & Jones 1997). Traditional crime scene examination
would usually focus on relatively large amounts of biological material, such as a visible blood or
semen stain, when aiming to produce a DNA profile. With recent advances in forensic science, a
profile can be generated from just a few skin cells left behind when touching an object or
surface. This is called trace DNA evidence. Modern methods make it possible for analysts to
investigate using microscopic genetic traces inadvertently left at crime scenes (van Oorschot &
Ballantyne 2010).

1.1. Source of DNA in fingermarks
Van Oorschot and Jones in 1997 were one of the first to discover that in addition to providing
identifying marks in finger ridge patterns; that fingerprint may also be used as a possible source
of DNA (van Oorschot & Jones 1997). The DNA was assumed to be on the outer epidermal layer
of the skin surface. Recent studies by Oleiwi et al. (2015), however suggest that most epidermal
cells from the ﬁnger are nucleus-free keratinocytes. These are cells that go through
differentiation and migration from the highly mitotic basal layer towards the skin surface, which
can take up to 39 days. During this process the cells show shrinking of the nucleus and
condensation of chromatin, while organelles, including the nucleus, disintegrate and the cells ﬁll
with keratin. Due to this process the epidermal layer may not be the sole source of DNA in
1

ﬁngermarks. Another study by Burrill et al. (2021), determined the amount of DNA deposited on
touched items is highly variable and difficult to predict. The study also investigated the types of
cells that may be present, and found that anucleate corneocytes, free nuclei, nucleated cells, and
cell-free DNA, may all be sources of DNA that make up trace evidence left at a crime scene.
Dominick et al. (2009) examined whether there was a relationship between actual size of the
fingerprint donated and amount of DNA left behind. The study found no correlation between
fingerprint size and DNA amount, i.e., an enhanced fingerprint with full ridge detail will not
necessarily yield a full DNA profile.

1.2. Shedding Propensity
Variations in the amount of DNA left behind when an individual encounters a surface is
dependent on the individual’s so-called “shedder” status. Shedding can be defined briefly as the
transfer of DNA to handled objects (Lowe et al., 2002). The basis of this theory is the Locard
Exchange principle that states, “when two objects come into contact there is always a
transference of material from each object on to the other”. Briefly, that when an individual
comes in contact with an object, they leave something behind. This may be in the form of DNA,
fingerprints, footprints, hair, skin cells, blood, bodily fluids, pieces of clothing, fibers, and more.
At the same time, they will also take something away from the scene with them (Cisum &
Turvey, 2011).

Various studies suggest that there are inter- and intra-individual differences in the propensity to
deposit DNA (Lowe et al., 2002). The factors which cause these differences are still to be
precisely determined. Kanokwongnuwut et al. (2018), developed a study in which they assessed
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shedder status by counting the number of cells in a fingerprint by using Diamond nucleic acid
dye (Promega™ Diamond Dye) and fluorescence microscopy combined with direct PCR of the
fingermark. They were able to observe differences between the individual volunteers in both,
the number of detected cells and the strength of the DNA result (total relative florescence units
value, or number of detected alleles) in fingerprints. They were able to categorize participants
as “heavy”, “intermediate” or “light shedders” based on the number of cells detected by
microscopy. In another study Kanokwongnuwut et al. (2021) looked at the relationship between
DNA collected from touch samples, as well as from buccal swabs using a Diamond dye staining
(DD staining) method, after which visualization using fluorescence microscopy was performed
to target defined numbers of cells for collection. The cells were collected by swab and tape lift,
and processed via direct and conventional PCR, post-extraction. They found that DNA
quantification data and alleles generated within DNA profiles could be correlated to the number
of cells initially collected. A study done by Johannessen et al. (2021), compared two methods to
determine shedder status: they asked volunteers to hold pre-cleaned plastic tubes at medium
pressure for 10 seconds, which they refer to as the handheld (HH) tube method. The second
method was a fluorescent cell count (CC) method, for which donors were asked to deposit an
index fingerprint from the dominant hand onto microscope slides. The tubes were swabbed,
while the microscope slides were stained with DD. From their results comparing the two
methods they were able to determine that there is an association in the numbers of detected cells
in a fingerprint using the CC method and the strength of the DNA result with the HH method.
The 20 participants were classified into low (25%), medium (50%) and high (25%) shedders
based on the HH method. While the low and high shedders showed a good consistency between
the replicates, the medium shedders varied more, and they concluded that the data needed to be
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looked at more closely carefully as they may act as either a high or a low shedder in an event of
DNA transfer.

1.3. Factors affecting shedding propensity
Oleiwi et al., (2015) mention that some contributing factors to DNA shedding could include
personal habits, touched substrate, perspiration, and time since handwashing. Their own study
emphasized the difference in the relative DNA shedding propensity of palm versus ﬁnger
surfaces. Studying handprints on glass, they found significantly less DNA on palm prints than on
fingerprints (Oleiwi et al., 2015). Kanokwongnuwut et al. (2018), investigated the effect of
handwashing and gender by focusing on how hand washing affected shedding propensity of an
individual, as well as how individual shedding changed with time intervals. The authors found
that male donors shed more than female donors and that hand washing had a significant effect on
an individual’s shedding propensity. They used timed intervals, collected four set of donors
prints, and found that after 60 minutes the cell counts plateau and there was no longer an
exponential increase in cells detected with an increase in time since hand washing
(Kanokwongnuwut et al., 2018). Kamphausen et al. (2011), carried out a study that looked at
factors that may influence whether an individual was a “good shedder” or a “bad shedder”. They
specifically focused on DNA from handprints from 30 patients suffering from skin diseases like
atopic dermatitis, psoriasis, or skin ulcers before and after therapy by using STR amplification
and then compared the results to comparison to 22 healthy controls. They were able to show that
active skin diseases like atopic dermatitis or psoriasis have an impact on the amplifiable DNA
left by skin contact with surfaces.
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Manoli et al. (2016), investigated how other factors such as gender and age may affect shedding
propensity. The study focused on primary and secondary transfer after controlled handshaking,
and how likely an individual was to transfer DNA to a plastic tube. They also looked at whether
hand dominance correlates to DNA transfer. They concluded that using shedding status
categories (bad, intermediate, and good), there was no association between age (p value=0.421),
sex (p value=0.141), and handedness (p value=0.557) and shedding status. A contradicting result
from their study was that the mean amount of shedding by the non-dominant hand was higher
than the mean amount of shedding by the dominant hand only in males. In females, they did not
observe any significant difference in shedding status based on hand dominance. However, as age
of the participant increased, the percent deposition decreased irrespective of gender. The
observed significant inverse association of age with primary DNA deposition in males and
suggested this may be explained by the reported reduction in epidermal turnover rate or cellular
senescence correlated with ageing (Burton 2009).

Poetsch et al. (2013), also looked at the influence of an individual's age on the amount of DNA
left on touched items. The study involved asking individuals to hold a 20-ml sterile plastic
syringe unwrapped in their dominant hand for 10 s with as much pressure as possible. Donors
ranged in age from 1 to 80 years old. These results were similar to Manoli et al. (2016) and
demonstrated a correlation between DNA amount and DNA profile quality from these handprints
and the individual's age.

5

1.4. Study Goals
This study focuses on the use of Diamond™ Nucleic Acid Dye (DD; Promega) to detect DNA
to

containing cellular deposits. DD is a sensitive fluorescent dye that binds to single-stranded DNA,
double-stranded DNA, and RNA, and can be used to stain and visualize nucleic acids. Signal can
be detected with any standard imaging system, such as by UV transillumination for gels, or a
fluorescent microscope for stained slides. The concentrated dye is more sensitive than ethidium
bromide, so less nucleic acid is required for visualization (Promega 2013). In this study one aim
was to investigate the range of fingerprint cell counts in a group of male and female volunteers.
The study also looked at effects of hand washing on an individual’s shedding propensity.
Absent of wearing gloves, an individual’s hands may be one of the most likely places from
which a contact DNA trace could be left at a crime scene. Washing of the hands may affect the
amount of DNA left behind. Individual donors were asked to place fingerprints onto glass slides
on arrival, and then asked to wash their hands and sit for 30 minutes after which a second set of
prints are taken. A comparison was done between the cell counts on the glass slides before and
after hand washing. This was repeated three times over a course of three weeks in total with five
to seven days in between. The average cell counts of both sets of data was used to characterize
the cell count variation within the volunteer group and categorize donors into shedding status
categories (high, medium and low shedders).

This study also looked at the differences across each collection event in the amount of cell
counts obtained from each donor. Particularly, data were analyzed for correlations between
collection days and the overall variation in cell counts from week to week. Finally, the collected
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data were used to identify if there were any significant differences in shedding propensity based
on biological gender (male vs female).

2. Materials and Methods
2.1 Ethics
This research involved the collection of samples from 30 human subjects, approval was granted
under IRB File # 2018-0099. A sample of the recruitment method, questionnaire, as well as
information on labelling and storage of the samples collected were submitted to the IRB for
approval before the research started. At the end of the collection, only 26 samples fit all the
criteria for analysis.

2.2 Sample Collection
Samples from 26 donors, including 14 males and 12 females were analyzed. Volunteers
deposited a left ring fingerprint on a clean glass slide for 15 seconds with medium pressure.
Next, the volunteers washed their hands. There was a thirty-minute waiting period, in which they
did not touch anything. Afterwards, they deposited a right ring fingerprint in the same manner as
the left. This collection was repeated for 3 consecutive weeks, with 6 prints from each individual
and 156 prints in total.

2.3 Diamond Dye Staining
Prints were stained with 10ul of the 20x Diamond Dye (Promega, Madison, WI) and then placed
in a pipette tip box wrapped in foil to protect the dye from light exposure. The prints were read at
the Fluorescein iso-thiocyanate (FITC) filter setting (495nm excitation and 550nm emission) on
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a Nikon Eclipse E600 fluorescent microscope. Signal (fluorescent dots) counts were done at
100X magnification for three different 0.5 x 0.5 mm frames for each print, averaged, and
normalized. For accurate comparison with other studies these were multiplied by four to get cell
counts for a 1mm square area. Figures 1a and 1b show the same donor print at 40X and 100X
magnifications. Please note the visibility of friction ridge detail at the lower magnification.
Counting was performed at 100X magnification.

a

b

Figure 1: Diamond Dye staining of slide deposited fingerprints at 40X (a) and 100X (b)
magnification using FITC filter settings.

2.4 Data Analysis
Thirty volunteers participated in the study, but only 26 individuals had three complete data sets.
After review, samples from two outliers with abnormally high cell counts were removed from
analysis, so that only data from 24 individuals (11 female and 13 male donors) were included in
the study. Donor cell counts were averaged and used to arrange donors from low shedding
propensity to high shedding propensity. This was done for both washed and unwashed
conditions. The data was then log transformed to graphically represent data distribution.
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2.4.1 Regression Analysis
Regression analyses were conducted for washed and unwashed day to day collections. Pearson
correlation coefficient (r) was used to determine if there was a pattern for the day-to-day
collections. The coefficient of determination (R2) was used to test the strength of the regression
models. This analysis was done using Microsoft Excel software.

2.4.2 T-Test
A paired t-test was done to determine if there is a difference between cell counts for washed and
unwashed fingerprints, deposited by the same person. Another t-test was performed to determine
if there is a significant difference between the means of the daily washed cell counts and the
daily unwashed cell counts over the three different collection days. From this data a conclusion
can be made on whether hand washing had a statistically significant effect on the cell count data
from each individual. A third t-test was used to determine if a significant difference exists for
donor cell counts based on gender. This analysis was done using R-Studio software.

2.4.3 Analysis of Variance (ANOVA)
A classic one-way random effect ANOVA test was performed to determine variance for donorto-donor cell count variation as well as for the individual donor over the three collections.
Calculations were performed in R-Studio and covered both washed and unwashed hands.
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3. Results
3.1 Fluorescent Microscopy
The cell staining method worked well and gave clear signals (Fig. 1). Signal density for prints
collected prior to handwashing was often very high, which made counting difficult. This was not
a problem for washed hands with lower cell nuclei counts. Figures 2a and 2b, are photographs
taken by the microscope to show an example of a donor with high shedding propensity. There is
a clear difference between the washed prints (Fig. 2a) where there are clear green dots
representing the cell nuclei. In 2b, the unwashed print the cell counts are higher with more
“green dots” and the cells appear in clusters. Figures 3a and 3b are prints from a donor with low
shedding propensity both at 100x magnification for washed and unwashed prints. The donor with
high shedding propensity, the cells in the washed state in 2a appear more defined and 13 cells
were counted in the washed state, while the unwashed prints appear in clusters and 22 cells were
counted. In contrast, the donor with low shedding had a cell count of 7 (washed) and 10
(unwashed). These counts were normalized to a 1mm area to generate the numbers presented.

a

b

Figure 2: Example of “high shedder” washed (a) and unwashed (b) prints at 100x magnification
using FITC filter settings.
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a

b

Figure 3: Example for “low shedder” washed (a) and unwashed (b) prints at 100x magnification
using FITC filter settings.

3.2 Distribution of Data
Figure 4 shows a clustered dot diagram with data points for the unwashed fingerprints on the left
and the washed prints on the right This diagram is a visual representation of the distribution of
all donor cell counts in washed and unwashed states for the 3 collections. In the unwashed state,
both male and female have similar averages, between 45 and 50, highlighted by the arrows (also
see Table 1). For washed hands the female average is lower at 31.06. The average for males
remains similar to what it was before hand washing, at 44.6 cell counts and 42.94 after hand
washing (Table 1). The distribution of the cell counts ranges from a low of 7 to a high of 132
cells. For the unwashed prints, the lowest cell count was 13 and was provided by a female. The
highest cell count for the unwashed prints was 122 and was provided by a male donor. For the
washed prints, there were two low cell counts of seven, one from a female donor and the other
from a male donor, and the highest cell count (132) was from a male donor. The washed prints
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display a wider distribution, and the cell counts appear farther apart. In the unwashed state, the
distribution is narrower, and individual cell counts are less distinguishable.

Cell count

Mean of female
Mean of male

Mean of male

Mean of female

Unwashed

ed

Condition

Washed

Figure 4- Clustered scatter plot showing cell count (Y-axis) of donor prints for both washed and
unwashed samples during 3 collection events for male and female. Pink dots represent female
donors (n=11) x 3 and blue dots represent male donors (n=13) x 3.

Table 1 shows averages with standard deviations. The subset with the largest standard deviations
is washed hand samples from male volunteers. The cell count differences between female and
male volunteers were not significant for either the unwashed state (p=0.6295) or the washed
hands (p=0.1373).
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Table 1 Cell Count Averages and Standard Deviations of washed and unwashed fingerprints for
male and female samples.
Sample Category

Average cell count

Overall average unwashed

46.86 ± 24.56

Overall average washed

37.50 ± 25.73

Female average unwashed

49.53 ± 26.44

Female average washed

31.06 ± 20.16

Male average unwashed

44.60 ± 22.96

Male average washed

42.94 ± 28.78

3.3 Washed vs unwashed hands for the same person
Figure 5 shows the minimum and maximum range for the washed and unwashed cell counts. The
median cell counts for the washed and unwashed prints are represented by the solid bold lines.
The interquartile range, the area representing fifty percent of the samples, is narrower for
unwashed samples. A paired test was done to determine if there is any relationship between cell
counts for unwashed and washed thumb prints for the same person. The paired t-test resulted in a
p-value of 0.0004635. The null hypothesis (H0) is that the log (cell counts) of the unwashed
prints is less than the log (cell counts) of the washed print. The alternative hypothesis (Ha) is that
the log (cell count) of the unwashed prints is greater than the log (cell counts) of the washed
prints. The p-value was less than 0.05, so the null hypothesis was rejected in favor of the
alternative. The results indicated a correlation between handwash state and cell counts from the
same individual with cell counts for the unwashed prints expected to be greater than the washed
prints.
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Figure 5- Whisker plot showing log cell counts plotted against the unwashed and washed states.
The solid bold line represents the median, the boxes represent interquartile range, and the
whiskers represents minimum and maximum values. N=24

3.4 Effects of hand washing on cell count
Figure 6 shows a box and whisker comparison of the daily log cell count of both washed and
unwashed hands. This comparison takes all donors into consideration and determines the
difference between the daily averaged log of the cell counts that results before and after hand
washing. A paired t-test was performed assuming H0 - daily average log (cell counts) of the
unwashed prints is less than the daily average log (cell counts) of the washed prints, and Ha - the
daily average log (cell counts) of the unwashed prints is greater, compared to the washed prints.
The results of Paired t-test gave a p-value = 0.009818. The null hypothesis was rejected. The
daily average log of the unwashed cell count is greater than the mean log washed cell counts.
The results again show that handwashing has an effect on donor cell count.
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Figure 6: Box and whisker plot for the Daily averaged log cell counts plotted against for
unwashed and washed hands. The solid bold line represents the median, the boxes represent
interquartile range, and the whiskers represents minimum and maximum values. N=24

3.5 Correlation between collections day to day
The question if cell counts for each donor are similar for the different collection days was
determined using regression models for Day 1 and Day 2, Day 2 and Day 3, and Day 1 and Day
3 was (Figures 7 and 8). For the unwashed hands, the r values were 0.16, 0.4, and -0.13 (see
Table 2 for more details). There was little to no correlation between the collection days for the
unwashed hands, as cell counts do not remain similar for each day. For the washed hands, r
values were higher with 0.54, 0.41, and 0.51 (see Table 3 for more details). The r values for the
washed hands show a higher correlation between the days, compared to the unwashed hands,
meaning cell counts remain fairly similar. However, these are still only moderate correlations.
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b

a

c

Figure 7: Pearson’s correlation coefficient calculations for different collection days shown for
unwashed hands. (a) represents comparison of the log cell counts from day 2 vs day 1, (b) shows
day 3 vs day 2, and (c) depicts day 3 vs day 1 (n=24).
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a

b

c

Figure 8: Pearson’s correlation coefficient calculations for log cell counts from different
collection days for washed hands. (a) represents comparison of the log cell counts from day 2 vs
day 1, (b) shows day 3 vs day 2, and (c) depicts day 3 vs day 1 (n=24).
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Table 2: Summary of the regression analysis calculations for unwashed hands
Days

R2

r

Day 1 vs Day 2

0.02

0.16

Day 2 vs Day 3

0.16

0.4

Day 1 vs Day 3

0.02

-0.13

Table 3: Summary of the regression analysis calculations for washed hands
Days

R2R^2

r

Day 1 vs Day 2

0.29

0.54

Day 2 vs Day 3

0.16

0.41

Day 1 vs Day 3

0.26

0.51

3.6 Variation
The variance, standard deviation, and percentage variation between donors as well as between
collection days were determined (Tables 4 and 5). Most of the variation occurs between the
different collection days. For both, unwashed and washed hands, the daily variation is higher
than 50%. There is less variation observed for the donor-to-donor comparison. The percentage
variation is below 50% between donors for both washed and unwashed states; however, the
percentage variation for the washed hands (39.7%) is higher than for unwashed hands (14.8%).
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Table 4: Classical one-way random effects model for unwashed hands
Source of Variation

Variance

SD

Portion of Variation (%)

Donor-to-Donor

0.04

0.20

14.8

Daily

0.22

0.47

85.2

Table 5: Classical one-way random effects model for washed hands
Source of Variation

Variance

SD

Portion of Variation (%)

Donor-to-Donor

0.18

0.42

39.7

Daily

0.27

0.52

60.3

3.7 Cell counts vs DNA concentration
Regression analyses were conducted for cell count data and DNA yields from a finger tape lift,
collected from the same donor on the same days. The cell counts were from the ring finger, while
tape lifts were either from the thumb (unwashed hands) or a combination of index and middle
finger (washed hands). The low r values of 0.2177 (R² = 0.0474) for unwashed and 0.3043 (R² =
0.0926) for washed indicate that there is weak to no correlation between average cell count and
average DNA concentration in neither washed nor unwashed states. Some of the donors had high
cell counts but the DNA concentration for washed fingers was generally low.
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Right washed cell count vs DNA value
100
90
80

Average cell count

70
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50

R² = 0.0926
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0
0.000
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0.006

0.008

0.010

0.012

0.014

Average DNA concentrations (ng/uL)

Right washed cell count vs DNA value

b

100
90
80

Average cell count

70
60
50

R² = 0.0926

40
30
20
10
0
0.000

0.002

0.004

0.006

0.008

0.010

0.012

0.014

Average DNA concentrations (ng/uL)

Figure 9: Regression model depicting average cell counts versus average DNA concentration
(ng/ul) for the same donors. a) left unwashed hand data, b) right washed hand data. Note the
much lower DNA concentrations for washed fingers. N=24 each.
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3.8 Distribution of donor specific cell counts
Figures 10 and 11 show box and whisker plots representing cell counts for the three different
collection days for both washed and unwashed hands, arranged from low to high counts.
From Figure 10, the donors in the unwashed state most individuals shed more than in the washed
state, however since there was no donor with extremely high average cell count of extremely low
cell count that would allow for categorization. There is no clear break to divide donors into
distinct categories; however, the average cell count for donors ranged from 20 to 78 represented
by the circles in the middle of the whisker plots.

Figure 10: Box and whisker plot of cell counts (n= 24) for unwashed hands. Donors arranged
from low average cell count to high average cell count. Each box represents data from three
collection days, with minimum value and maximum value (whiskers), mean (small circles in the
center) and median (line going through each box).
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Figure 11: Box and whisker plot of cell counts (n=24) for washed hands. Donors arranged from
average cell count to high average cell count. Each box represents data from three collection
days, with minimum value and maximum value (whiskers), mean (small circles in the center) and
median (line going through each box).

In Figure 11, the washed prints the averages are more widely distributed than the unwashed
prints from the same donors. Similar to the unwashed data, the averages for the washed prints
were also not far apart. The distribution showed no clear breaks that allowed for categorization
of individual shedding propensity based on the cell count method. The box and whiskers for
some individuals are narrow showing that the counts remained similar for the three collections in
the washed state. There are a few donors who had high counts on a particular day, but the mean
cell count was still close to the other donors. Donors (49, 43, 60, 44, 38, 50 and donor 40) all had
one day that was much higher than the other two days, causing their distribution to be wider,
represented by the top of the whisker plot with a highest value.
22

4. Discussion
Several studies have confirmed that different individuals deposit varying amounts of DNA while
touching a surface, a trait called shedder status or shedding propensity (Lowe et al., 2002). But is
still a question, if this shedding propensity is a reproducible trait for an individual or can change
from day (Taylor et al., 2016). This study investigated the reproducibility of individual DNA
deposits by collecting fingerprints on glass on three different days, separated by one week. The
shedding propensity was determined based on the cell counts in the fingerprint left on the
microscope slides which were visualized by the Diamond Dye. This study was conducted in a
controlled environment and the unwashed hands were categorized based on donor responses in a
questionnaire indicating time since last hand wash. The washed prints were taken after donors
washed their hands and sat for 30 minutes without touching anything. The data was analyzed for
prints donated from all donors in two conditions, washed and unwashed hands. The results
indicated that in general the unwashed prints had higher average cell counts than washed prints,
as seen in Table 1. A previous study done by Oleiwi et al. (2015), suggests that hand washing
influences cell counts, which is directly related to the amount of DNA deposited. This study
confirms the theory that handwashing removes some of the DNA on the surface of the hands,
and in turn reduces cell counts. The difference between washed and unwashed deposits were
significant in two types of paired t-test calculations. The first paired t-test was conducted to look
at the cell counts of individual donors before and after handwashing and supported the
hypothesis that the hand washing influenced cell counts. The results were similar when a paired
t-test was done on the daily averages of all donor prints combined before and after hand washing.
Hand washing also influenced the range of cell counts. In Figure 4, the unwashed prints ranged
from 13 to 122 cells over all donors. This distribution changed after hand washing; the washed
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prints ranged from 12 to 135 cells and were farther apart and less clustered. Hand washing
therefore affects an individual’s shedding propensity and in effect the amount of DNA left
behind.
There was no significant difference observed in the cell counts retrieved from each gender (Table
1, Figure 4), supporting previous research by Lowe et al. (2002). The female average for
unwashed hands was very similar to the male average. There was more of a difference observed
between the cell counts for male and female in the washed state, but neither difference was found
to be significant. While these findings are consistent with Lowe et al. (2002), they contradict the
findings of Kanokwongnuwut et al. (2018) and Goray et al. (2016), who had found that males
tended to shed more.
The reproducibility of the method of collection was tested with the calculation of Pearson’s
correlation coefficient to compare results on collection days (Figures 7 and 8) and by conducting
regression analysis for the cell counts observed on hands in both washed and unwashed state
(Tables 2 and 3). Little to no correlation was observed between collection days for unwashed
hands (Table 2), while a more positive relationship was observed in the R2 values for washed
hands; the correlation observed was not strong. This indicates that the DNA deposited by an
individual regardless of washed of unwashed state does not remain consistent through collection
days and would affect their shedder status category. The method is more reproducible in the
washed state than in the unwashed state. The donor averages also remain close to each other for
the unwashed hands. For this method to be adapted and used for crime scene cases, it would have
to be modified to account for the variation between collections. A similar study by Manoli et al.
(2016), found that 77% of their participants changed shedder status if replicate collections were
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considered separately. Several research studies including Phipps & Petrovic (2007) and Manoli
et al. (2016), have previously inferred that a person’s shedder status is difficult to classify due to
intra-individual difference in depositing DNA, which is confirmed here. The intra-individual
DNA deposit (same person) shedding changed over the three collections meaning the day-by-day
comparison of the deposits from the same person, i.e., the shedding propensity did not remain
consistent. It is difficult to determine why on Day 1 a person was a high shedder but on Day 2
the person was a medium or low shedder. This may lead to the consideration of other intrinsic
and extrinsic factors that are known to contribute to an individual’s shedding propensity. From
the factors previously mentioned: age, skin condition, sex and hand washing, only two were
investigated in this study, and further study may be needed to determine an individual’s
propensity to leave DNA behind. The overall shedder status of each donor was determined from
the averages over the 3 collections. If each collection was considered separately, the shedding
category for each donor would change which confirms the work done by Manoli (2016). An
interesting observation is that the 2018 study done by Kanokwongnuwut et al., 2018 donor prints
were collected in triplicate on the same day, and they found very little variation in the amount of
cellular material deposited for each independent time point. From this observation they
concluded that the method was reproducible in determining a person’s shedding propensity on a
single day. The findings from this study were contradictory, donors were asked to make deposits
on 3 separate occasions and variation was observed in both states. The method was reproducible
for those deposits made by washed hands.
Based on the lack of gaps in the continuous increase, donors could not be categorized based on
shedding propensity after averages were arranged from low to high cell counts (Figure 10 and
11). What became clear that there is a wider spread and inter-individual differences are more
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pronounced for the washed finger samples. A categorization could be explored through statistical
modeling, similar to an attempt using Bayesian statistics for DNA concentration data from finger
surface samples (Chen et al. 2021).
The assessment of the connection between cell counts and DNA yield from each donor prints
was done using regression analysis of the average cell counts versus average DNA concentration.
The DNA extraction had been performed from tape lifts of the thumb of the same hand from
which the prints were deposited. Weak to no correlation was observed in both the washed and
unwashed state (Figure 9a and b). There is no reason to indicate that this lack of correlation
observed between DNA concentration and cell count is due to using a different finger.
Johannessen et al. (2021) conducted a study, where they observed that when an object had been
grasped, then cells come from the whole hand: palm and fingers. The challenge is to determine
whether a cell count from a single fingerprint can be used to extrapolate the shedding propensity
of an individual. While this method did not produce a positive relationship between cell count
and DNA concentration, Kanokwongnuwut et al. (2018) observed results that confirmed that
there was a correlation between the cellular material present on the thumbprint and the
percentage success of an STR profile for individuals. The DNA concentration and shedding
propensity did not share a positive relationship but the fact that they were able to obtain full STR
profiles confirms that there is useful DNA on the fingerprint.
Alaeddini et al. (2010) conducted a review of the pathways involved in cell death and DNA
decomposition and the difficulties these present in DNA analysis of degraded samples. In this
study they found cells deposited from a fingerprint may be in different stages of decomposition
and may affect the results of PCR amplification. Johannessen et al. (2021) in the study
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mentioned above found results that were similar to the results of this study, where the DNA
concentration did not have a high correlation with the average cell counts from donors.
Johannessen et al. (2021) indicated that this could be a possible limitation of the method, because
the number of detected cells does not provide information about the quality of the DNA within a
cell, i.e., in which keratinization stage the cells are in. The lack of correlation between average
cell count and DNA concentration after PCR amplification could therefore be due to cell
degradation. This degradation is part of the natural process of keratinization cycle of epidermal
skin cells. Keratinization refers to the cytoplasmic events that occur in the cytoplasm of
epidermal keratinocytes during their terminal differentiation (Weedon 2010). It involves the
formation keratin intermediate filaments and is not as a result of any additional environmental
factors, therefore cannot be controlled.

Kanokwongnwut and co-authors in two separate studies (Kanokwongnuwut et al., 2018;
Kanokwongnuwut et al., 2020) found that the method of counting cells deposited on slides and
microscope detection may be limited as it does not detect cell-free DNA in the fluorescence
microscope at 100X magnification. Studies show that cell-free DNA is present in biological
material deposited after skin encounters a surface, and so this could be a contributing factor to a
person’s shedder status that is not captured by the applied Diamond Dye and the cell count
method. A study by Burrill et al. (2021) attempted to classify and distinguish the cellular
components of touch DNA in the cells left behind after touch. The study found that “dead” skin
cells known as corneocytes make up most of the cellular material left in touch deposits by
people’s hands but are known to lack nuclei. They employed different lysis methods to
determine how much DNA may be present in these cells. The results showed that
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donors' hands shed high levels of cell free DNA, which they were able to recover with a method
specifically developed for short fragments of DNA. This technique was different from the
traditional genomic technique normally used on touch DNA samples. Once more is known about
the methods of cell recovery and the type of cells deposited during contact more precise methods
can be developed to recover the DNA. This will add value to forensic investigations and
specifically cases involving touch DNA

Kanokwongnuwut et al. (2018) as well as Haines, et al. (2015) saw success with the use of
Diamond Dye as a DNA staining method. This is because the nucleic acid dye is a molecule that
binds to an external groove in DNA. They noted that the main advantages to using the Diamond
Nucleic Acid Dye is that it cannot bind effectively to microbial DNA. Skin surfaces host
multiple communities of bacteria and their species composition has even been proposed for
forensic use to individualize contact traces (Fierer et al., 2010). Diamond Dye specificity means
that this bacterial DNA does not interfere with measuring the human DNA from the outer layer
of the skin deposited from the donors. It also has the added benefit of staining the DNA while
not affecting the amplification process. This study was able to confirm these findings since
staining of all samples using the Diamond Nucleic Acid Dye was successful. Both washed and
unwashed samples were easily visualized, and the cells deposited from individual donors were
able to be counted. The lack of correlation seen with the DNA quantity is therefore not directly
related to the Diamond Dye since it does not affect amplification and only DNA from the donors
would have been stained and not bacterial DNA.
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5. Conclusions
The cell count method and Diamond dye staining has some potential for categorizing donors
according to their shedding propensity. There was a wide range of distribution in cell counts,
confirming that some individuals leave more DNA and have a higher risk for passive transfer.
Hand washing has a significant effect on shedding propensity as the average cell counts were
significantly lower than the average cell count of unwashed hands. Repeated collections indicate
poor reproducibility for unwashed prints, while washed prints were more consistent. Washed
prints are therefore a better indicator of shedding propensity. There was no statistical correlation
observed between gender and shedder status and the averages for male and female donors in
neither washed nor unwashed state was significantly different.

While the method is reproducible for washed prints it does not represent collection at a crime
scene. The donors in this study were observed in a controlled setting where after hand washing,
they were not allowed to touch other items while waiting 30 minutes. Future studies may
investigate the development of a method that is better at predicting shedding propensity from a
single collection, since it is not always possible for suspect to return to deposit multiple samples.
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7. Appendix
IRB Approved Donor Questionnaire

For Office Use Only:
Sample code:
__________________________
Date:
_________________________________
__

Study Title:
Population distribution and factors affecting individual DNAProject
shedding
Propensity
worker:
________________________
Disclaimer:
Please note that you are not obliged to answer all questions. All answers are confidential and
will be stored under the code number.
Questions:
1. What is your gender?
____________________________________________________________
2. Which year were you born?
____________________________________________________________
Please check the box or circle the correct answer:
3. What is your dominant hand?
Right

Left

4. When was the last time you took a shower?
This morning (<12h ago)

Last night (<24h ago)

Yesterday morning (>24h ago)

5. When was the last time you washed your hands?
Less than 1 hour ago

More than 1 hour ago

More than 3 hours ago

Do not remember
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